Introduction
Movements become slow with aging. The ability to rapidly start and swiftly execute a movement decreases with age (Fozard et al. 1994; Der and Deary 2006; Langan et al. 2010; van de Laar et al. 2012; Wolkorte et al. 2014) . Not only movement initiation, but also prompt termination of a hand movement is important for activities of daily living. For example, delay in terminating finger flexor activity while releasing a spoon may require greater antagonist activation to open the hand to release the spoon. Unwanted muscle activity and delay in terminating such activity in a timely manner may also impair the quality of dynamic movement such as reaching and walking, and hamper movement efficiency and energy expenditure. Despite the functional significance of grip muscle relaxation, whether grip relaxation is delayed with aging is unknown. Additionally, while aging-related changes in skeletal muscles have been shown (Lexell 1995; Ohlendieck 2011) , potential cortical neural correlates of prolonged grip relaxation with aging have not been examined.
Muscle relaxation is accompanied by activation of the dorsolateral prefrontal cortex, primary, supplementary, and pre-supplementary motor areas in healthy young adults (Toma et al. 1999; Spraker et al. 2009 ). This activity in the motor cortex is inhibitory in nature, as evidenced by increased intracortical inhibition in M1 during muscle Abstract Grip relaxation is a voluntary action that requires an increase in short-interval intracortical inhibition (SICI) in healthy young adults, rather than a simple termination of excitatory drive. The way aging affects this voluntary inhibitory action and timing of grip relaxation is currently unknown. The objective of this study was to examine aging-related delays in grip relaxation and SICI modulation for the flexor digitorum superficialis muscle during grip relaxation. The main finding was that young adults increased SICI to relax their grips, whereas older adults did not increase SICI with a prolonged grip relaxation time (p < 0.05 for both SICI modulation and grip relaxation time). A secondary experiment showed that both young and older adults did not change H reflex excitability during grip relaxation. Our data suggest that grip relaxation is mediated by increased cortical inhibitory output in young adults, and aging-related impairment in increasing cortical inhibitory output may hamper timely cessation of muscle activity. Our data also suggest a lesser role of the spinal circuits in grip muscle relaxation. This knowledge may contribute to understanding of aging-related movement 1 3 relaxation (Buccolieri et al. 2004; Motawar et al. 2012) . This increased intracortical inhibition may be responsible for decreased spinal motor excitability during muscle relaxation in the soleus muscle in young adults (Schieppati and Crenna 1984; Schieppati et al. 1985 Schieppati et al. , 1986 .
Such increase in intracortical inhibition needed for timely muscle relaxation may decline with aging. Older people have a decreased level of intracortical inhibition at rest (Oliviero et al. 2006; Marneweck et al. 2011; Heise et al. 2013 ). More importantly, older adults cannot modulate intracortical inhibition as much, as evidenced by the reduced ability to decrease intracortical inhibition to initiate and maintain muscle contractions (Peinemann et al. 2001; Fujiyama et al. 2012; Heise et al. 2013; Papegaaij et al. 2014) . In addition to intracortical inhibition, older adults were shown to have reduced modulation of spinal excitability, as seen in soleus H reflex during walking in older adults (Raffalt et al. 2014 ) and during muscle relaxation in patients with upper motor neuron lesion (Schieppati et al. 1985) . These changes in neurophysiology may ultimately affect their limb function. While reduced modulation of intracortical inhibition with aging was noted during movement preparation and execution, aging-related changes in modulation of intracortical inhibition during grip relaxation are unknown.
This study examined timely grip muscle relaxation in young versus older adults and its relationship to modulation of short-interval intracortical inhibition (SICI). We hypothesized that grip muscle relaxation is delayed in older adults and that delayed grip relaxation in older adults is associated with lesser increase in intracortical inhibition during relaxation. As a secondary analysis, we examined whether delayed grip relaxation was accompanied by altered modulation of spinal motoneuron excitability assessed by the H reflex during grip relaxation in older adults. In examination of SICI and H reflex, both dominant and nondominant hands' data were collected, since they differ in regard to the motor unit firing behavior (Adam et al. 1998 ) and structural and functional differences at the spinal and supraspinal level (Yakovlev and Rakic 1966; Tan 1989; Toga and Thompson 2003) and may have different neural mechanisms for grip relaxation.
Methods

Subjects
A total of 40 young (mean and standard deviation of 25 ± 5 years old, ranging from 18 to 37 years old, 19 females) and 21 older (57 ± 6 years old, ranging from 46 to 68 years old, 12 females) adults were tested in the study. All subjects were right-handed, as determined by the Edinburgh Inventory (Oldfield 1971) . All subjects were healthy and did not have any known neurological and orthopedic disorders affecting the upper limb. All subjects also verbally confirmed that they could clearly hear the computergenerated sounds used during the experiment. Subjects were also screened for contraindications to TMS and electrical nerve stimulation (Rossi et al. 2011) . All subjects signed an informed consent form approved by the institutional review board.
While relaxation time was recorded for all participants, SICI and H reflex data were not obtained from both hands of all participants due to difficulty in the retention of the subjects or difficulty in obtaining H reflex from the flexor digitorum superficialis (FDS) muscle. All subjects with MEP were included for SICI testing. Specifically, SICI data were obtained from 20 young subjects (25 ± 5 years old, 8 females) and 20 older subjects (57 ± 6 years old, 11 females). All subjects with H reflex for the FDS muscle at rest were included for H reflex testing. H reflex data were obtained from 25 young (26 ± 6 years old, 14 females) and nine older (59 ± 5 years old, 4 females) subjects, although we screened a total of 20 older adults. The number of subjects tested for the dominant and the nondominant hand for each test is indicated in Table 1 . 
Procedure
The effect of aging on grip relaxation time and modulations of SICI (Kujirai et al. 1993 ) and H reflex (Palmieri et al. 2004; Knikou 2008) were examined in both hands of young and older adults. The SICI and H reflex tests were conducted on separate days; two hands were examined on separate days as well. Grip relaxation time was measured at the beginning of each testing day.
Measurement of grip relaxation time
Grip relaxation time was measured during grip-and-relax trials. Subjects were seated in a chair with the upper limb relaxed, the forearm supported in the midprone position, the wrist in neutral posture, and the fingers comfortably placed around the handle in a grasping posture at rest (Fig. 1) . The middle phalanges pressed against the handle during grip. Subjects performed isometric grip followed by isometric grip relaxation upon cues. Specifically, subjects were instructed to grip a handle as hard as possible (maximum voluntary contraction, MVC) upon the start of a computer-generated sound and relax as quickly as possible upon the termination of the sound (Figs. 1, 2a) . Grip relaxation time was determined as the time interval between when the sound ended and when the FDS muscle electromyogram (EMG) activity decreased to its precontraction baseline level (Fig. 2a) . Specifically, grip relaxation was determined to have completed when the FDS root-meansquare (RMS) EMG was less than the mean +3 standard deviations (SD) of the precontraction baseline EMG level, according to the literature (Seo et al. 2009; Motawar et al. 2012) . In addition to the FDS EMG, the EMG from the extensor digitorum communis (EDC) muscle was recorded to monitor antagonist muscle activity.
The EMGs for the FDS and EDC muscles were recorded through Ag-AgCl bipolar surface electrodes (Bortec Biomedical Ltd., Calgary, Alberta, Canada) placed according to the literature (Basmajian 1989) . The EMG data were bandwidth-filtered at 10-1000 Hz, amplified with a 1-k gain, and recorded at 2-kHz throughout the study, using a custom-written LabVIEW program (National Instruments Corp., Austin, Texas, USA). During the grip-and-relax trials, the contralateral hand and forearm rested on a pillow on the subject's lap for comfort. Subjects were also instructed to not open their fingers during grip relaxation and to stay relaxed until instructed otherwise. The subjects were instructed not to contract muscles in other limbs, including the contralateral hand. Practice was provided until subjects were familiarized with the grip-and-relax task. After practice, the mean grip relaxation time from five grip-and-relax trials determined the subject's grip relaxation time.
SICI modulation
Modulation of SICI was assessed as SICI during grip relaxation compared to during sustained grip at matching FDS EMG activity, using our previously published protocol (Motawar et al. 2012) . The reason it is important to match the muscle activity between two tasks (grip relaxation vs. sustained grip) is that SICI magnitudes are dependent on the background muscle activity level (Ortu et al. 2008) . The SICI data during grip relaxation were collected first, followed by data collection for SICI during sustained grip, so that muscle activity was matched between the two tasks for individual subjects. Specifically, to record SICI during relaxation, subjects performed the grip-and-relax trials while TMS was applied at 70, 80, and 90 % of the subject's mean grip relaxation time using computer-generated triggers. These three time points within the relaxation period were examined following the previous study (Motawar et al. 2012) . To record SICI during sustained grip, subjects maintained isometric grip while matching the FDS EMG at the target level which was the background FDS EMG immediately before TMS stimulation from the grip relaxation trials collected earlier.
SICI during grip relaxation
To measure SICI during grip relaxation, TMS was delivered at 70, 80, and 90 % of the mean grip relaxation time determined for each subject immediately prior to the TMS testing. TMS was triggered by a custom-written LabVIEW program at these specific times during relaxation (Fig. 2b) . SICI was determined as % suppression of the conditioned MEP compared to the nonconditioned MEP observed in the FDS muscle, using paired pulse technique (Kujirai et al. 1993; Berardelli et al. 2008; Rossini et al. 2015) . A higher SICI indicates greater sup- Fig. 1 During grip-and-relax trials, subjects isometrically gripped a handle and relaxed upon an audio cue while the EMG was recorded from the FDS muscle. During sustained grip trials, subjects isometrically gripped the handle to match the EMG level pression of MEP and thus greater intracortical inhibition as shown in Eq. 1 (Coxon et al. 2006; Motawar et al. 2012 ).
To evoke the nonconditioned MEP, the test stimulus intensity was set at the % maximum stimulator output (MSO) that evoked peak-to-peak MEP amplitude of 1 mV in the resting FDS muscle. To evoke a conditioned MEP, the test stimulus was preceded by a conditioning stimulus with a 2-ms interstimulus interval. The conditioning stimulus intensity was set at 90 % of the active motor threshold (1) SICI = 100 * 1 − Conditioned MEP Nonconditioned MEP (AMT) and delivered at 70, 80, and 90 % into grip relaxation. The AMT was determined as the %MSO that evoked peak-to-peak MEP amplitude of 100 µV, at least 5 out of 10 times during contraction of the FDS muscle at 10 % MVC (Rossini et al. 1994) . The MVC was determined as an average of the peak FDS RMS EMG over the five grip-andrelax trials collected earlier. These stimulation intensities and interstimulus interval were chosen to minimize contamination of intracortical inhibition by intracortical facilitatory pathways (Peurala et al. 2008; Rossini et al. 2015) . Minimum 10 conditioned and 10 nonconditioned MEPs for each timing were obtained in a random order for each 
Fig. 2 a
To measure grip relaxation time, the subject maximally and isometrically gripped the handle upon the start of a computer-generated sound and relaxed the grip upon the termination of the sound. Grip relaxation time was quantified as the time in which the postcontraction FDS RMS EMG fell below mean + 3SD of the precontraction baseline FDS RMS EMG. b To measure SICI during relaxation, stimulation was applied at 70, 80, or 90 % into the subject's mean grip relaxation time during the grip-and-relax trial. The peak-to-peak MEP was used toward computation of SICI. The background RMS EMG during 20 ms immediately before stimulation was obtained during the grip-and-relax trial. The average background RMS EMG was used as a target in the subsequent measurement of SICI during sustained grip. c To measure SICI during sustained grip, stimulation was applied while the subject maintained a sustained grip at the target muscle activity level using visual feedback. Example trials from a single subject are shown in this figure. In b and c, lighter EMG traces show raw EMG, while thicker traces show RMS EMG. The same protocol was used to obtain H reflex during grip relaxation and sustained grip at a matching EMG level subject. Only one set of TMS stimulation (either single or paired pulse) was delivered during one grip-and-relax trial, with a minimum of 12-s interval between consecutive sets of TMS stimulation. As in the previous study (Motawar et al. 2012) , trials with the background EMG (mean FDS RMS EMG for a 20-ms period immediately before the stimulus) outside the mean ± SD of the all trials were discarded, resulting in the mean trial numbers of 8.6 and 8.1 (SD = 0.7 and 0.7) for the conditioned and nonconditioned MEPs, respectively. The mean values of the conditioned MEPs and of the nonconditioned MEPs were used to compute SICI. SICI was examined using two TMS stimulators connected through a BiStim module (BiStim 2 and BiStim200 2 , The Magstim Company Ltd, Wales, UK). A 70-mm figure of eight coils was placed over the 'hot spot' of the contralateral cortex representation of the FDS muscle (approximately 6 cm anterolateral to vertex of the skull). The handle of the coil was placed posterolateral at an approximately 45° angle to the midsagittal plane.
SICI during sustained grip To facilitate quantification of SICI modulation for grip relaxation by controlling for the EMG-level-dependent changes in SICI, SICI during sustained grip at matching FDS EMG level was recorded. To evaluate SICI during sustained grip, subjects were instructed to maintain a grip exertion that matches the target FDS RMS EMG level using online visual feedback on the computer screen (Fig. 2c) . The target EMG level was the mean FDS RMS EMG for a 20-ms period immediately before the stimulus from the SICI during relaxation trials earlier (Fig. 2b) . The target was determined for the three stimulation timings individually (70, 80 and 90 % into relaxation). The same paired pulse TMS protocol described in the relaxation trials was used. The mean trial numbers used for analysis were 10 and 10 for the conditioned and nonconditioned MEPs, respectively. The mean values of the conditioned MEPs and of the nonconditioned MEPs were used to compute SICI. Five sets of TMS stimulation (either single or paired pulse), separated by 5 s each were delivered during one recording of sustained contraction. The order of single and paired stimulation and the target levels were randomized across recordings for each subject.
H reflex modulation
Modulation of spinal motoneuron excitability was determined as FDS H reflex during grip relaxation compared to that during sustained grip with matching FDS EMG activity. The same approach as in SICI modulation was used since H reflex also depends on the background EMG level (Stein et al. 2007 ): In the same manner with the SICI modulation testing, each subject's mean grip relaxation time was determined first, and then, H reflex at 80 % into grip relaxation was determined, followed by H reflex during sustained grip at the matching muscle activity. As in the SICI testing, a computer-generated trigger evoked H reflex at 80 % of the mean grip relaxation time determined at the beginning of the testing. During sustained grip, subjects matched the FDS EMG level (that was observed in the relaxation trials, immediately before the stimulation) using visual feedback. Mean H reflex values from 10 relaxation and 10 sustained grip trials were used to compute H reflex modulation.
H reflex was elicited by stimulating the median nerve in the cubital fossa using a constant current electrical stimulator (DS7A, Digitimer Ltd, Hertfordshire, UK). A singlepulse electrical stimulation (square pulse width of 1 ms) was delivered through a bipolar surface electrode (3-cm inter-electrode distance with cathode proximal) (Zehr 2002) . The stimulation of the median nerve was confirmed by subjects reporting paraesthesia in the thumb, index finger, middle finger, and radial half of the ring finger. The stimulation intensity that resulted in the H reflex peak-topeak amplitude that was approximately 10-15 % M max peak-to-peak amplitude at rest was used. This stimulation intensity was suggested as the optimum intensity to examine H reflex inhibition or facilitation (Palmieri et al. 2004 ). The inter-stimulus interval was 5 s or longer to prevent post-activity depression of H reflex (Zehr 2002) . The peakto-peak H reflex amplitude obtained during grip relaxation and sustained grip was normalized to the peak-to-peak M max at that background FDS EMG level to facilitate between-subject and within-subject comparisons (Zehr 2002; Duclay and Martin 2005) .
Statistical analysis
The effects of aging and hand-on-grip relaxation time were examined using two-way ANOVA. For SICI, repeatedmeasures ANOVA was used to examine whether the level of SICI was affected by the within-subject variables of task (during relaxation vs. sustained contraction at matching EMG level) and time (70, 80, 90 % into relaxation), between-subject variables of aging (young vs. older) and hand (dominant vs. nondominant), and their interactions. The factor of interest was interaction between task and aging, as it indicates whether task-specific modulation of SICI (in this case, for relaxation) is different between the two groups of different ages. Upon confirmation for the significant task × aging interaction effect, Tukey-Kramer pairwise comparison was performed to examine statistical difference between the two tasks (relaxation vs. sustained contraction) for each group. For H reflex, repeated-measures ANOVA was used to examine whether H reflex was affected by task (during relaxation vs. sustained contraction at matching EMG level), aging (young vs. older), hand (dominant vs. nondominant), and their interactions.
Other secondary analyses were performed as follows. To confirm that SICI or H reflex modulation did not result from different FDS background EMG levels between the two tasks (grip relaxation vs. sustained contraction), repeatedmeasures ANOVAs were used to test whether background FDS EMG was different with task, aging, hand, and time during SICI testing and with task, aging, and hand during H reflex testing. Also, since nonconditioned MEP amplitudes may affect SICI (Sanger et al. 2001) , another repeated-measures ANOVA was used to examine whether the nonconditioned MEP amplitude was different with task, aging, hand, time, and their interactions.
As complements to the main ANOVAs involving two aging groups, additional ANOVAs were performed to examine the effect of age as a continuous variable on SICI and H reflex. The ANOVA for SICI had age and nonconditioned MEP amplitude as covariates, task, hand, time, and their interactions. The ANOVA for H reflex had age as a covariate, task, hand, and their interactions. Lastly, upon finding aging-and task-dependent change in SICI but not H reflex, regression analysis was performed between the grip relaxation time and task-dependent SICI modulations (difference in SICI between the two task conditions) at three time points. Statistical analyses were performed with the SAS version 9.4 (SAS Institute Inc., Cary NC).
Results
Slowed grip relaxation in older adults
Grip relaxation time was significantly longer for older adults than young adults (F(1, 78) = 9.93, p = 0.002, Fig. 3 ). There was no significant main effect of hand (dominant vs. nondominant, F(1, 78) = 0.54, p = 0.464) or interaction between aging and hand (F(1, 78) = 0.001, p = 0.977). Subjects did not activate antagonist muscles during grip relaxation, as seen by both FDS and EDC muscle activities decreasing in a consistent manner for both young and older adults (Fig. 4a , after "Cue to relax"). When the FDS EMG relaxations for young and older adults are overlaid over 0-100 % of individuals' relaxation times, similar rates of reduction in the FDS RMS EMG were observed in the two aging groups (Fig. 4b) .
Lack of increase in SICI during grip relaxation in older adults
While young adults increased SICI during grip relaxation compared to sustained contraction at the matching EMG level by an average of 36 %, older adults had an average of 7 % decrease in SICI for relaxation (Fig. 5) . The The secondary statistical analysis results are as follows. The background FDS RMS EMG did not significantly vary with task (relaxation vs. sustained contraction), aging, and second-order interactions (p > 0.05), except for time (F(2, 279) = 12.59, p < 0.001), hand (F(1, 279) = 6.24, p = 0.013), and aging × hand interaction (F(1, 279) = 24.53, p < 0.001). As expected, the background FDS RMS EMG decreased as the time progressed (Fig. 6) . The background FDS RMS EMG was greater for the dominant hand than the nondominant hand in young adults (12 ± 2 % vs. 5 ± 1 %MVC), whereas it was comparable between the two hands in older adults (8 ± 2 %MVC vs. 10 ± 2 %MVC) (Fig. 6) .
In addition, the nonconditioned MEP peak-to-peak amplitudes did not significantly vary with task, aging, hand, and any interactions among task, aging, hand, and time (p > 0.05). The nonconditioned MEP decreased with time (F(2, 241) = 6.3, p = 0.002), as expected with decreased background FDS EMG with time. In summary, these secondary analysis results suggest that the background FDS EMG level was well controlled between the two tasks for both aging groups (Fig. 6) and that the finding of agingand task-dependent SICI modulation was not confounded by different background EMG levels or nonconditioned MEP amplitudes.
As for the complementary analysis, the ANOVA with age as a continuous covariate showed that the task-related SICI modulation was dependent on age. SICI significantly varied with task and age × task interaction (F(1239) = 8.5, p = 0.004 for task, F(1239) = 7.08, p = 0.008 for age × task interaction), but not with other factors including unconditioned MEP (p > 0.05). This result supports the finding of aging-and task-dependent SICI modulation. Lastly, the regression analysis showed that the grip relaxation time was significantly and negatively related to the task-dependent SICI modulation at the 70 % time point (p = 0.045) but not at the 80 and 90 % (p > 0.05). A greater SICI modulation at the 70 % time point was associated with a shorter grip relaxation time.
H reflex
H reflex modulation was not seen for both young and older adults (Fig. 7) . The ANOVA results showed that H reflex was not affected by task (F(1, 57) = 0.04, p = 0.848), hand (F(1, 57) = 0.28, p = 0.596), interaction between aging and task (F(1, 57) = 0.06, p = 0.808), or any other interactions (p > 0.05). Older adults had overall higher H reflex amplitudes compared to young adults (21 ± 7 vs. 13 ± 2 %Mmax, F(1, 57) = 5.62, p = 0.021), which was not specific to the relaxation or sustained contraction task. Both young and older adults maintained spinal motoneuron excitability during grip relaxation compared to sustained grip, as indicated by no task-specific change in H reflex for both hands in both aging groups.
The secondary statistical analysis for the background FDS EMG for H reflex testing showed that the background FDS RMS EMG was not significantly different between the two tasks (18 ± 5 %MVC during grip relaxation vs. 17 ± 4 %MVC during sustained grip, F(1, 57) = 0.33, p = 0.566), nor with hand (F(1, 57) = 0.53, p = 0.470), and interactions among task, aging, and hand (p > 0.05). The mean background FDS RMS EMG was greater for young adults compared to older adults (21 ± 4 vs. 9 ± 3 %MVC, F(1, 57) = 4.64, p = 0.035). Yet, within the group, the background FDS EMG level was well controlled between the two tasks. This secondary analysis suggests that relaxation-specific modulation of H reflex (or lack thereof) was not confounded by different background EMG levels between two tasks.
When age was treated as a continuous covariate in the statistical model for the H reflex, the same results were obtained. H reflex was not affected by task (F(1,89) = 0.1, p = 0.758), hand (F(1,89) = 0.01, p = 0.927), interaction between age and task (F(1,89) = 0.06, p = 0.811), and any other interactions (p > 0.05). H reflex amplitudes were greater for older adults than young adults (F(1,89) = 5.95, p = 0.017).
Discussion
The main finding was that older adults were slower in relaxing their grip compared to young adults, and this delay in grip relaxation time was associated with a lack of increase in short-interval intracortical inhibition during grip relaxation in older adults. H reflex did not change for grip relaxation compared to sustained contraction at the matching muscle activity, for both young and older adults. This finding suggests a lesser role of spinal motor neuron excitability for grip relaxation. The present study expands previous knowledge by demonstrating that older adults not only have a slowed reaction time (Fozard et al. 1994; Smith et al. 1999; Der and Deary 2006) but also a slowed grip relaxation time (Fig. 3) . In addition, while previous research studied the role of intracortical inhibition alone in timely cessation of the hand muscle relaxation in healthy young adults (Buccolieri et al. 2004; Begum et al. 2005; Motawar et al. 2012) , the current study is the first to examine grip relaxation for both young and older adults at both cortical and spinal levels.
Increased short-interval intracortical inhibition may inhibit corticospinal motor neurons and thus contribute to terminating grip activity in young adults (Buccolieri et al. 2004; Begum et al. 2005; Motawar et al. 2012 ). This study results suggest that older adults' reduced ability to increase the cortical inhibitory action during their attempt to relax the muscle may be responsible for slower muscle relaxation time. Older adults' reduced ability to decrease SICI to initiate a movement has previously been demonstrated (Marneweck et al. 2011; Heise et al. 2013; Papegaaij et al. 2014) , associating the lack of SICI modulation with the declined performance of functional tasks (Heise et al. 2013; Papegaaij et al. 2014) . Our study expands the previous literature by demonstrating that this lack of SICI modulation exists not only at movement initiation but also at movement termination, contributing to decline in motor performance in older adults. This aging-related change in modulation of short-interval intracortical inhibition may be related to changes in the GABA-A circuits (Ziemann et al. 1998; Di Lazzaro et al. 2005 with aging, such as changes in the structural properties of the GABA-A receptors in addition to reduced GABA content and transport in the aging brain (see Wong (2002) for review).
Our finding of stable spinal motor excitability during grip relaxation was somewhat different from the previous studies concerning the soleus muscle (Schieppati and Crenna 1984; Schieppati et al. 1985 Schieppati et al. , 1986 . The previous studies showed that the H reflex in the soleus muscle, an antigravity postural muscle in the leg, was decreased during and after muscle relaxation compared to the resting state in healthy young adults (Schieppati et al. 1986 ). The motor control of the hand and leg muscles may be distinct from each other because of their different functional demands. It is likely that the leg muscles may have greater spinal control through reflex circuits contributing to the maintenance of balance and posture as well as gait, a function not shared by hand muscles. The hand muscles are known to have greater cerebral control that likely contributes to the hand's ability to perform fine motor tasks with great precision (Brouwer and Ashby 1990; de Noordhout et al. 1999 ). Thus, it is possible that the spinal circuits may play a lesser role for hand muscle control compared to leg muscles owing to their different functional roles and neural connectivity. Likewise, relaxation from a contraction may be under greater cortical control for hand muscles than leg muscles.
This study identifies a neural mechanism of timely muscle relaxation. While this study described differences in neurophysiology and function between older and young adults, causality between neurophysiology and function was not demonstrated. Future studies may explore experimental manipulation of the brain network, such as using rTMS to impair normal function, to reveal direct causal relationships. Future research may also examine interventions to restore SICI modulation in older adults to facilitate timely muscle relaxation and improve movement quality. Such interventions may include neuromodulation by brain stimulation (Boros et al. 2008; Stagg et al. 2009; Stetkarova and Kofler 2013) , operant conditioning (Wolf and Segal 1990; Tenteromano et al. 2012; Arduin et al. 2013) , and GABA agonists (Misgeld et al. 1995; Di Lazzaro et al. 2005 . This study only examined the cortical inhibitory and spinal mechanisms and thus does not tease apart the relative contributions of the changes in the skeletal muscles and cortical inhibitory activity on delayed grip relaxation with aging.
Conclusion
This study demonstrated that grip relaxation is delayed in older adults, and this delay was associated with their lack of increase in short-interval intracortical inhibition during grip relaxation. These delays in terminating muscle activity, in addition to general aging-related slowness in movement initiation and execution, may contribute to a deterioration of motor control in older adults. Interventions to increase the plasticity of GABAergic inhibitory cortical circuits may be useful in improving muscle relaxation and general motor control in older adults.
